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A novel single-nucleotide deletion in exon 100 of the RYR1
gene, corresponding to deletion of nucleotide 14 510 in the
human RyR1 mRNA (c14510delA), was identified in a man
with malignant hyperthermia and in his two daughters who
were normal for malignant hyperthermia. This deletion results
in a RyR1 protein lacking the last 202 amino acid residues. All
three subjects heterozygotic for the mutated allele presented
with a prevalence of type 1 fibres with central cores, although
none experienced clinical signs of myopathy. Expression of the
truncated protein resulted in non-functional RYR1 calcium
re lease channe l s . Express ion o f w i ld - t ype and
RyR1R4836fsX4838 proteins resulted in heterozygotic release
channels with overall functional properties similar to those of
wild-type RyR1 channels. Nevertheless, small differences in
sensitivity to calcium and caffeine were observed in hetero-
tetrameric channels, which also presented an altered assem-
bly/stability in sucrose-gradient centrifugation analysis.
Altogether, these data suggest that altered RYR1 tetramer
assembly/stability coupled with subtle chronic changes in Ca2+

homoeostasis over the long term may contribute to the
development of core lesions and incomplete malignant
hyperthermia susceptibility penetrance in individuals carrying
this novel RYR1 mutation.

M
utations in the RYR1 gene, which encodes the type 1
sarcoplasmic reticulum Ca2+ release channel, are linked
to skeletal muscle diseases including malignant

hyperthermia (OMIM 145600), central core disease (CCD;
OMIM 117000) and multi-minicore disease (OMIM 255320).1–3

Malignant hyperthermia is an autosomal-dominant pharmaco-
genetic disorder in which exposure to volatile anaesthetics and
muscle relaxants results in life-threatening whole-body muscle
contractions and hyperthermia. CCD and multi-minicore
disease are rare congenital myopathies, clinically characterised
by hypotonia, delayed motor development, weakness of
proximal muscles and histological lesions in skeletal muscle
fibres. There is considerable clinical overlap between these two
disorders, and each can present with either single or multiple
core-like structures characterised by the absence of mitochon-
dria and oxidative enzyme activity. In some cases, specific
mutations in the RYR1 gene have been shown to result in both
malignant hyperthermia and CCD. In addition, core lesions in
skeletal muscle fibres are also observed in .20% of individuals
with malignant hyperthermia susceptibility (MHS), even in the
absence of any clinical sign of myopathy.4

We report the identification of a novel RYR1 mutation
(c14510delA) resulting in a premature truncation of the RYR1
protein, RyR1R4837fsX4839, in a person who experienced an
episode of malignant hyperthermia during anaesthesia. The

histological analysis of muscle biopsy specimens showed a clear
prevalence of type 1 fibres (about 95%) and central core lesions
in about 80% of fibres. This mutation was also found in two
daughters of the proband, both of whom tested negative for
malignant hyperthermia using a standard in vitro contracture
test (IVCT), but presented the same histological changes in
skeletal muscle fibres. However, neither the proband nor the
two daughters exhibited myopathy, indicating that the central
core lesions observed were sub-clinical and do not adversely
affect muscle function. Functional studies were performed to
determine the potential relationship between the
RyR1R4837fsX4839 mutation and the development of central core
lesions in affected individuals.

PATIENTS AND METHODS
Patient evaluation, IVCT and RyR1 mutation screening
IVCT was performed on muscle biopsy specimens from vastus
lateralis mounted in contracture chambers and exposed to
increasing concentrations of halothane or caffeine according to
the protocol of the European Malignant Hyperthermia Group.5

Histological analysis was performed on frozen muscle sections
by staining with haematoxylin–eosin or Gomori’s modified
trichrome reaction. Parallel sections were stained for cytocrome
c oxidase, succinate dehydrogenase and nicotinamide adenine
dinucleotide–tetrazolium reductase. Genomic DNA was
extracted from peripheral blood leucocytes following standard
methods. RYR1 genomic structure and intron boundary
sequences were deduced from the Homo sapiens chromosome
19 genomic contig NT_011109 and cDNA sequence
NM_000540.1. Polymerase chain reaction primers, denaturing
high-performance liquid chromatography screening and DNA
sequencing condititions have been described previously.6

Measurement of cytosolic free Ca2+ concentrations in
HEK293 cells expressing wild-type and truncated RyR1
proteins
Wild-type rabbit RyR1 cDNA was cloned into the pcDNA3
vector (Invitrogen, Paisley, UK). The ClaI-XbaI fragment from
the rabbit RyR1 cDNA was subcloned into the pBluescript
vector (Stratagene, La Jolla, California, USA) to perform site-
directed mutagenesis using two oligonucleotides containing the
deletion of rabbit RyR1 nucleotide 14507, corresponding to
nucleotide 14510 of human RyR1 cDNA. Owing to differences
between rabbit and human RyR1 sequences, the human
deletion mutant R4837fsX4839 corresponds to rabbit
R4836fsX4838. Human embryonic kidney (HEK)293 cells were
transfected using the Lipofectamine Plus method (Invitrogen)
following the manufacturer’s instruction. Cells were analysed

Abbreviations: CCD, central core disease; DHPR, dihydropyridine
receptor; HEK, human embryonic kidney; IVCT, in vitro contracture test;
MHS, malignant hyperthermia susceptibility
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24–48 h after transfection. Methods for microsomal protein
preparation, western blot analysis and [3H]ryanodine binding
have been described previously.7 Sucrose density gradient
analysis of 3-[3-(chloramidopropyl)dimethylammonio]-1-pro-
panesulphonate-solubilised ryanodine receptors was performed
as described by Lai et al.8

For Ca2+ release experiments, HEK293 cells were loaded with
5 mM fura-2-AM (acetoxymethyl ester derivative of fura-2;
Calbiochem, Darmstadt, Germany) in Krebs-Ringer-HEPES
medium. Images were acquired with a digital charge coupled
device camera (Princeton Instruments, Ottobrunn, Germany),
and the fura-2 fluorescence emission ratio (340/380 excitation,
515 emission) was analysed using the Metafluor software
(Universal Imaging Corporation, Sunnyvale, California, USA).

Excitation–contraction coupling measurements after
expression in dyspedic myotubes
Myotubes from RyR1-knockout (dyspedic) mice were prepared
as described previously.9 After 4–7 days of the initial plating of
myoblasts, nuclei of individual dyspedic myotubes were
microinjected with cDNAs encoding CD8 (0.1 mg/ml) and
0.5 mg/ml wild-type RyR1, 0.5 mg/ml RyR1R4836fsX4838 (HM) or
0.25 mg/ml wild-type RyR1 with 0.25 mg/ml RyR1R4836fsX4838

(HT). Electrically evoked and agonist-induced Ca2+ release
was measured in intact myotubes loaded with indo-1 AM
(acetoxymethyl ester derivative of indo-1; Molecular Probes,
Eugene, Oregon, USA) as described previously.10 11 The whole-
cell patch-clamp technique was used to simultaneously
measure the voltage dependence of L-type Ca2+ currents (L-
currents) and intracellular Ca2+ transients in expressing
myotubes11–13 using an internal solution containing (in mM)
145 Cs-aspartate, 10 CsCl, 0.1 Cs2EGTA, 1.2 MgCl2, 5 Mg-ATP,
10 HEPES and 0.2 K5-fluo-4, pH 7.4, and an external solution
containing (in mM) 145 TEA-Cl, 10 CaCl2, 10 HEPES, pH 7.4.
Inward L-currents were elicited by 200-ms test pulses of
variable amplitude from a holding potential of 280 mV
delivered immediately after a prepulse protocol used to
inactivate T-type Ca2+ channels (1 s to 230 mV followed by
25 ms to 250 mV). Peak L-current amplitude (I) was normal-
ised to total cell capacitance (pA/pF), plotted as a function of
membrane potential, and fitted according to equation 1:

I = Gmax(Vm2Vrev)/(1+exp) (VG1/22Vm)/kG) (1)

where Gmax is the maximal L-channel conductance, Vm the test
potential, Vrev the extrapolated reversal potential, VG1/2 the
voltage for half-maximal activation of Gmax and kG a slope
factor. Ca2+ transients were simultaneously recorded during
each test pulse and are reported as DF/F, where F represents
baseline fluo-4 fluorescence immediately before depolarisation
and DF the fluorescence change from baseline. The magnitude
of voltage-gated Ca2+ transients (DF/F) was determined by
fitting the data according to equation 2:

DF/F = (DF/F)max/(1+exp) (VF1/22Vm)/kF) (2)

where (DF/F)max is the calculated maximal change in fluo-4
fluorescence, VF1/2 the voltage for half-maximal activation of
(DF/F)max, and kF a slope factor.

RESULTS AND DISCUSSION
Clinical history, IVCT and molecular genetic analyses
The proband is a 77-year-old man with an unremarkable
clinical history, with the exception of a malignant hyperthermia
crisis with hyperthermia and tachycardia during surgical
procedures under general anaesthesia carried out with the
administration of volatile anaesthetic agents and succinylcho-
line (malignant hyperthermia rank 4 according to Larach et

al14). MHS was confirmed after IVCT performed according to
the protocol of the European Malignant Hyperthermia Group, a
test with a diagnostic sensitivity of 99% and an overall false-
positive or false-negative error probability in the diagnosis of
,1%5 (our unpublished observations). Histological analysis was
performed on frozen muscle sections stained with haematox-
ylin–eosin and Gomori’s modified trichrome reaction. Parallel
sections were stained for cytochrome c oxidase, succinate
dehydrogenase and nicotinamide adenine dinucleotide–tetra-
zolium reductase. Staining identified central core lesions in 80%
of fibres and, a clear prevalence of type 1 fibres (about 95%)
was detected by staining for myosin ATPase at pH 9.4 (data not
shown). No evidence of inflammatory reaction or involvement
of connective tissue was observed. However, in contrast with
that observed for patients with central core disease, motor
activities were not impaired and the patient was essentially
asymptomatic, with only mild muscle hypotonia and muscle
weakness. Serum creatine kinase concentration was normal
(64 IU/l). Five healthy relatives were also tested by IVCT
(individuals III3, III4, III5, IV1 and IV2; fig 1A). All were found
to be negative for malignant hyperthermia. However, histolo-
gical analysis of muscle biopsy specimens of individuals III3
and III5 also showed the presence of central core lesions in
.70% of the fibres and a prevalence of type 1 fibres (about
95%), although no clinical signs were observed even after
follow-up evaluations.

Screening of all the 106 exons of the RYR1 gene showed that
the propositus (II2) and his two daughters (III3 and III5) were
heterozygotic for a single-base deletion in exon 100, corre-
sponding to deletion of nucleotide 14510 in the human RyR1
mRNA (c.14510delA). This deletion was not detected in 100
normal individuals. To confirm the expression of the mutated
allele in the skeletal muscle of affected individuals, RyR1 cDNA
was cloned from RNA extracted from muscle biopsy specimens
of relevant individuals, and nucleotide sequence analysis
showed an expression level equivalent to wild-type and
mutated alleles (data not shown). This deletion alters the open
reading frame where amino acids Gln4837 and Leu4838 are
replaced by Arg and Trp residues, and an opal stop codon
appears five nucleotides downstream of the deletion. Thus, the
mutated protein lacks the last 202 amino acid residues in the C-
terminal region of the channel, including the putative
selectivity filter and the final two transmembrane domains.
According to convention, the human deletion mutant is
referred to from here on as R4837fsX4839.15 Interestingly, the
individuals that carry the deletion presented with a high
incidence of central core lesions in the absence of myopathy,
although no lesions were detected in individuals lacking the
mutant allele.

Functional properties of RyR1, RyR1R4836fsX4838 and
RyR1/RyR1R4836fsX4838 channels expressed in HEK293
cells
To evaluate the caffeine sensitivity of RyR1 channels carrying
the R4836fsX4838 mutation, HEK293 cells were loaded with
fura-2 and stimulated with caffeine concentrations from 0.125
to 10 mmol/l (fig 1B). Caffeine activated calcium release
from wild-type RyR1-expressing HEK293 cells with an
EC50 = 3 mmol/l. However, HEK293 cells expressing
RyR1R4836fsX4838 alone completely lacked caffeine-induced
calcium release even up to concentrations as high as
10 mmol/l. Cells expressing equal amounts of wild-type and
mutant RyR1 exhibited caffeine-induced calcium release that
showed caffeine sensitivity comparable to that observed in cells
expressing wild-type RyR1 channels alone (EC50 = 3 mmol/l).
However, the peak magnitude of calcium release observed on
stimulation with 5 and 10 mM caffeine was significantly

I = Gmax(Vm 
_ Vrev)/{1+exp[(VG1/2 

_ Vm)/KG]} (1)

DF/F = (DF/F)max/{1+exp[(VF1/2 
_ Vm)/kF]} (2)
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(p,0.05 and p,0.001, respectively) reduced after coexpression
of wild-type and RyR1R4836fsX4838 channels (72.36% and 65.47%
reduction at 5 and 10 mM caffeine, respectively).

The calcium dependence of [3H]ryanodine binding was
investigated in microsomes prepared from HEK293 cells
expressing wild-type RyR1, RyR1R4836fsX4838 or heterotetrameric
RyR1/RyR1R4836fsX4838 channels (fig 1C). Wild-type RyR1
channels exhibited a characteristic bimodal calcium depen-
dence of [3H]ryanodine binding (fig 1C, closed squares).
Heterotetrameric RyR1/RyR1R4836fsX4838 channels reached
maximal binding at pCa values between 6 and 4, but unlike
wild-type RyR1 channels, binding remained high (only about
20% reduction) even at pCa = 3. Interestingly, a similar
reduction in calcium-dependent (and magnesium-dependent)
inhibition of ryanodine binding is also observed for other
mutations in RyR1 that result in MHS.

16 Homozygotic expression
of RyR1R4836fsX4838 channels exhibited negligible [3H]ryanodine
binding at all Ca2+ concentrations (pCa 8–3), indicating that the
truncation either results in a constitutively closed channel or a

marked disruption in the ryanodine-binding site (fig 1C, open
circles).

Sucrose-density gradient analysis of recombinant RyR1,
RyR1R4836fsX4838 and RyR1/RyR1R4836fsX4838 channels
expressed in HEK293 cells
The C-terminal region of either RyR or InsP3R channels has
been proposed to contain sequences responsible for channel
tetramerisation.17–20 To verify whether lack of the C-terminal
domain in RyR1R4836fsX4838 truncated channels might affect
assembly of protein subunits into tetramers, the sucrose density
sedimentation profile of recombinant channels was analysed on
5–20% linear sucrose gradients as described previously.8 17 18 As
fig 1D shows, most of the wild-type RyR1 channels were
detected in fraction 2 of the gradients, which corresponds to the
sedimentation profile of tetrameric RyR channels.8 By contrast,
in gradients loaded with extracts from HEK293 cells expressing
RyR1R4836fsX4838, RyR immunoreactivity was predominant in
fraction 5, which corresponds to the region of the gradient

Figure 1 Identification and functional characterisation of the RyR1R4836fsX4838 mutation. (A) The family pedigree. The proband is individual II2. Asterisks
indicate individuals who were included in the mutation analysis. (a) Presence (c14510delA) or absence (N) of the mutation. (b) Histological results: central
cores (CC), normal (N) and not investigated individuals (ni). (c) In vitro contracture test results. (B) Caffeine responses of human embryonic kidney (HEK)293
cells expressing recombinant RyR1, RyR1R4836fsX4838 and RyR1/RyR1R4836fsX4838 channels. Release was normalised to the maximum Ca2+ release at 5 mM
caffeine. Bars indicate mean (standard error of the mean (SEM)) of the percentage of Ca2+ release increments induced by different caffeine concentrations.
n = 759 cells for RyR1/RyR1R4836fsX4838; n = 601 cells for RyR1; n = 600 cells for RyR1R4836fsX4838. (C) Ca2+ dependence of [3H]ryanodine binding to
microsomal fractions of HEK293 cells with RyR1, RyR1R4836fsX4838 or RyR1/RyR1R4836fsX4838. Mean values obtained from three independent experiments
are plotted. Bars indicate the mean (SEM) of 3[H]ryanodine binding. (D) Sucrose density-gradient analysis of wild-type RyR1, RyR1R4836fsX4838 and RyR1/
RyR1R4836fsX4838 channels expressed in HEK293 cells. As a positive control for RyR1 migration, microsomal vesicles obtained from rabbit skeletal muscle
(5 mg) and HEK293 cells expressing RyR1R4836fsX4838 (middle, 30 mg) or RyR1/RyR1R4836fsX4838 (bottom, 30 mg) channels were used (Ctr lane). Fraction 1
represents the bottom of the gradient. MHN, malignant hyperthermia negative; MHS, malignant hyperthermia susceptibility.
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where monomeric, unassembled, RyR1 proteins migrate.8 This
suggests that RyR1R4836fsX4838 subunits do not readily assemble
into stable tetramers. The sucrose sedimentation profile of
extracts from HEK293 cells expressing RyR1/RyR1R4836X4838

recombinant proteins showed that immunoreactivity for
heterotetrameric channels was present in fractions inter-
mediate to those of RyR1R4836fsX4838 and wild-type channels,
with higher levels of protein in fractions 3–5, thus suggesting
that these complexes are likely to be less stable than

homotetrameric wild-type RyR1 channels, similar to that
observed for C-terminal truncations of the InsP3R.18

Effects of the RyR1R4836fsX4838 truncation on excitation–
contraction coupling RyR1 in skeletal myotubes
To investigate the effect of the RyR1R4836fsX4838 truncation on
RyR1 function in a skeletal muscle environment, we expressed
wild-type RyR1 alone, RyR1R4836fsX4838 alone, or wild-type RyR1
with RyR1R4836fsX4838 in dyspedic myotubes (fig 2). Calcium

**

Figure 2 Effects of the RyR1R4836fsX4838 truncation on bidirectional dihydropyridine receptor–RyR1 coupling. (A–C) Electrically evoked and ligand-induced
Ca2+ release. (A) Representative indo-1 traces obtained from intact myotubes expressing wild-type RyR1 alone, RyR1R4836fsX4838 alone or RyR1/
RyR1R4836fsX4838 after electrical stimulation (top traces) or application of 500 mM 4-chloro-m-cresol (CmC) (lower traces). Average peak magnitude of
electrically-evoked (B) and 4-CmC-induced (C) Ca2+ release. **p,0.001 compared with wild-type RyR1. DYS, uninjected dyspedic myotubes. (D)
Representative voltage-gated Ca2+ transients (upper traces) and L-type Ca2+ currents (L-currents; lower traces) recorded in response to 200-ms depolarising
pulses to the indicated membrane potentials (left). Average voltage dependence of L-currents (E) and peak Ca2+ release (F) from the sarcoplasmic reticulum
for dyspedic myotubes expressing RyR1 alone (closed circles), RyR1R4836fsX4838 alone (open triangles) and RyR1/RyR1R4836fsX4838 (open circles). The mean
values (standard error) of the parameters describing the voltage dependence of Ca2+ current (I–V) and Ca2+ release (DF/F) obtained by fitting each myotube
within a group separately are given in table 1.
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release in response to electrical stimulation (fig 2A, upper
traces) and 4-chloro-m-cresol (fig 2A, lower traces) were
similar in RyR1-expressing and RyR1/RyR1R4836fsX4838-expres-
sing myotubes. In addition, caffeine concentration–response
analysis found a similar magnitude (DRatio = 0.49 (0.03) and
0.53 (0.03), respectively) and sensitivity (EC50 = 4.1 (0.7),
n = 35, and 5.4 (0.7), n = 39, respectively) for caffeine-induced
calcium release in RyR1-expressing and RyR1/RyR1R4836fsX4838-
expressing myotubes. However, electrically evoked (fig 2B) and
agonist-induced (fig 2C) calcium release were essentially
absent in myotubes expressing RyR1R4836fsX4838 proteins alone.

Excitation–contraction coupling in the skeletal muscle
involves a bidirectional signalling interaction between the
dihydropyridine receptor (DHPR) and RyR1 such that the
DHPR triggers RyR1 activation (orthograde coupling) and the
presence of RyR1 enhances or modifies the calcium channel
properties of the DHPR.13 21 We characterised effects of the
RyR1 truncation on orthograde and retrograde DHPR–RyR1
coupling in whole-cell patch-clamp experiments of naive
dyspedic myotubes and dyspedic myotubes expressing wild-
type RyR1 alone, RyR1R4836fsX4838 alone or wild-type RyR1 with
RyR1R4836fsX4838 (fig 2D–F and table 1). Retrograde enhance-
ment of DHPR L-channel activity was similarly restored after
expression in dyspedic myotubes of wild-type RyR1 alone,
RyR1R4836fsX4838 alone or wild-type RyR1 with RyR1R4836fsX4838

(fig 2E and table 1). The full restoration of DHPR L-channel
activity after expression of RyR1R4836fsX4838 indicates that the
truncated protein was readily expressed, targeted to the
sarcoplasmic reticulum–sarcolemmal junction, and functionally
interacted with DHPRs within these junctions. Although the
magnitude and voltage dependence of calcium release from the
sarcoplasmic reticulum were similar in RyR1-expressing and
RyR1R4836fsX4838-expressing myotubes, depolarisation-induced
Ca2+ transients were small and exhibited a bell-shaped voltage
dependence after expression of RyR1R4836fsX4838 alone (fig 2F
and table 1). The absence of agonist-induced (fig 2C) and
voltage-gated (fig 2B, F) calcium release from the sarcoplasmic
reticulum in homotypic RyR1R4836fsX4838-expressing myotubes
is consistent with the truncation abolishing calcium permeation
of the release channel.

In conclusion, we propose that subtle changes in Ca2+ release
of human heteromeric RyR1/RyR1R4837fsX4839 channels, prob-
ably due to the reduced stability/assembly of these channels,
may predispose individuals to MHS, although with only a low
degree of penetrance (eg, MHS status of the proband but not
his two carrier daughters). This variable degree of penetrance
for MHS might arise from differences between individuals with

regard to wild-type:mutant stoichiometry, presence or absence
of other modifying genes, or a combination of both.
Nevertheless, reduced tetramer formation/stability coupled
with subtle chronic changes in Ca2+ homoeostasis over the
long term may lead to the development of central core lesions
and altered fibre composition observed in muscle biopsy
specimens of individuals heterozygotic for the RyR1R4837fsX4839

allele.
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